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ABSTRACT 
A  reliable knowledge  of the  thickness  of the  alveolo-capillary "membrane"  or air-blood 
barrier is of physiologic interest since it is intimately  related  to a  quantitative estimation of 
such functional events as gas diffusion or tissue metabolism in the lung.  The  characteristic 
thickness of the air-blood barrier with respect to gas diffusion is its harmonic mean thickncss, 
while the arithmetic mean thickness is related to the mass of tissue building the barrier and 
consuming oxygen in the lung.  Two morphometric  methods  are proposed  by which  these 
two dimensions  can  be  estimated  from random  measurements  in  the electron  microscope 
in a  reliable, simple, and efficient manner.  By applying these methods to three rat lungs the 
arithmetic mean thickness of the barrier was found to measure  1.25  #,  the harmonic mean 
thickness, 0.57/~. On the basis of these measurements a geometric model of the barrier in thc 
form of a corrugated membrane was derived.  Its dimensions showed close similarity to those 
of the natural  barrier.  This analysis suggested furthermore  that  the gas conductance of the 
barrier is nearly optimal if one considers the mass of tissue and the minimal barrier thickncss 
as fixed properties which are determined  by other functional  requirements on the alveolo- 
capillary membrane. 
INTRODUCTION 
At the level of alveoli and capillaries in the gas ex- 
change region of the lung,  air and blood are sepa- 
rated from each other by a  thin sheet of tissue, the 
alveolo-capillarv  "membrane"  or  air-blood  barrier. 
This membrane is essentially composed of a  capil- 
lary  endothelium  and  an  alveolar  epithelium 
which form  continuous  linings  of capillaries  and 
alveoli,  respectively;  these  linings  are  separated, 
or joined, by a layer of interstitial tissue of varying 
composition  and  width  (1-8). 
The alveolo-capillary membrane is of physiologi- 
cal interest mainly in two respects.  Firstly, it offers 
a  certain  resistance  to gases diffusing between  air 
and  blood.  The  term  "pulmonary  diffusing  ca- 
pacity"  of the  physiologists implies,  among  other 
factors, the "membrane-diffusing capacity," which 
is a measure of the ease with which gases can cross 
the  "membrane"  (9-11).  Secondly,  this  "mem- 
brane"  is  constructed  of living tissues which  me- 
tabolize oxygen at a  critical place: the amount of 
oxygen  metabolized  is  contained  in  the  inspired 
air,  but  it  is  consumed  before  reaching  the  red 
blood cells in the alveolar capillaries and  hence is 
not included  in  the oxygen measured  in the arte- 
rial blood. This may cause difficulties in interpret- 
ing physiological data on gas exchange in the lung 
(12). 
These functional implications are quantitatively 
determined by various structural  properties of the 
alveolo-capillary  membrane,  particularly  by  its 
dimensions,  extent and  thickness,  and  by its com- 
position. The extent of the "membrane" has been 
367 FIGUItE  1  Section  of  septmn  between  alveoli  (ALV)  containing  a  number  of  capillaries  (CAP). 
Note  the  considerable  variation  in  the  thickness  of  the  alveolo-capillary  "membrane"  (ACM)  with 
alternating thin  (i)  and thicker  (2)  regions. The  harrier is composed of an epithelial (EP),  an  endo- 
thelial (END), and an interstitial layer (IN T). Rat lung. X  5,500. 
estimated previously through measurements of the 
alveolar  and  capillary  surface  areas  (8,  13,  14). 
Its composition has been studied elsewhere as well 
(8).  In this paper,  we  wish to  analyze its thickness 
inasmuch as this may contribute to a better under- 
standing  of  the  various  functional  events  taking 
place  in the periphery of the lung.  As Figs.  1 and 
2 show, the thickness of the alveolo-capillary mem- 
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thin and thick regions are found to alternate. The 
membrane thickness is never zero, nor is it infinite; 
it rather varies between some minimal and maxi- 
mal thicknesses. It will first be shown that the mass 
of tissue building the barrier and determining oxy- 
gen consumption is reflected in the arithmetic  mean 
thickness  of the  membrane,  while  the diffusion  re- 
sistance  is  proportional  to  its  harmonic  mean  thick- 
ness.  The presentation of methods of measurement 
and of results obtained on rat lungs will be followed 
by  a  model  analysis  of  the  air-blood  barrier,  in 
which it will be shown that the diffusion resistance 
of the barrier appears to be minimized. 
Definition  of Characteristic  Parameters 
i.  THICKNESS  DETERMINING  TISSUE MAss 
It is evident that the mass of a  sheet of tissue ex- 
tending over an area S is proportional to the arith- 
metic mean thickness 
b  P 
=  Ja  r  • F(r)  • dr  (1) 
where a and b are the minimal and maximal thick- 
nesses,  respectively.  F(r)  is  the  probability  of 
measuring a thickness a  <  r  <  b. 
g. EFFECTIVE  THICKNESS  WITH  RESPECT  TO 
GAS DIFFUSION 
In order to derive the characteristic parameter for 
the effective thickness of a  diffusion  barrier,  con- 
sider a  prismatic piece of tissue of constant thick- 
ness  r  and  of cross-sectional  area  s  (Fig.  4).  It is 
in contact with air (A) on one side and with blood 
(B) on the opposite side. Assume a gas, say oxygen, 
to be present in both media with a constant partial 
pressure difference  AP.  Under equilibrium condi- 
tions,  the  flow  of gas dQ across  this slab of tissue 
in the unit time is, according to Fick's law, 
$ 
dO  =  DM  •  Ap  .  -  (2) 
T 
where  DM  is the diffusion coefficient of the tissue 
composing  the  barrier. 
The thickness of the air-blood barrier of the lung 
(Fig.  5) is not constant but varies between a  mini- 
mal thickness a  and  a  maximal thickness b.  Each 
thickness a  _-< r  <  b is present over an area S(T)  SO 
that the sum of all s(r)  represents the total cross- 
sectional area S of the entire barrier.  The over-all 
flow of the gas is then 
f  fb  1  Q  =  dQ  =  DMAP  s(r)  •  -  • dr 
T  ~a 
(3) 
We  assume  here  that the diffusion coefficient  DM 
and  the pressure gradient  Ap vary independently 
of T,  which is true  only in a  limited sense,  as dis- 
cussed below.  If we express 
s(r) 
--  =  F(r)  (4) 
S 
as the frequency or probability density of T,  then 
(3) becomes 
fa 
b  1 
0  =  DM  •  Ap  .  S  •  dr  •  -  .  F(T)  _ 
T 
DM.  Ap.  S 
Th 
(5) 
From this we observe that the effective thickness of 
the barrier is its harmonic  mean  thickness  rh, since 
1  f  b  l 
--  =  dr.  -  •  F(r)  (6) 
Th  T 
It should be noted that the harmonic mean thick- 
ness  is weighted  in favor of thin areas,  while  the 
arithmetic mean thickness is weighted  in favor of 
thick areas; we therefore find that 
>  rh  (7) 
In  the  following  account  we  will  present  special 
methods by which ? and Th can be measured in the 
electron microscope. 
Methods  of  Measurements 
I.  PRINCIPLE  FOR  MEASURING  THE  ARITH- 
METIC  MEAN  THICKNESS:  The  average  half- 
thickness  ~1/2 of  a  double-faced  tissue  sheet such 
as  the  alveolo-capillary  air-blood  barrier  can  be 
defined  as  the  average  volume  of  tissue  falling 
on the unit area of its surface (Fig. 6). For the pur- 
pose of analysis, suppose the tissue sheet to be con- 
tained in a  cube of volume  V; it has a  volume v  = 
7' V and a  total surface area S, so that 
v  ~.V 
~.2  ....  (8) 
S  S 
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application  of a  principle  proposed  by  Chalkley, 
Cornfield, and Park in 1949 (15). Its derivation has 
been presented in detail elsewhere  (8,  16),  so that 
we restrict ourselves to an outline of the essential 
points. 
If a set of lines which have a  combined length L 
is randomly placed  through  the cube,  the surface 
of the tissue sheet will be cut by these lines n times, 
where 
L.S 
n  --  (9) 
2V 
If this  set  is  composed  of Q  short  lines  of equal 
length z, whereby z  <<  V 1]3, then 
Q  .z.S 
n --  (10) 
2V 
With random distribution and orientation of these 
lines a  number p of its 2Qend-points will lie within 
the tissue  sheet. As was shown elsewhere (8, 16, 17) 
p  =  r/ • 2Q  (ll) 
By solving (10) for S and (11) for y and by substitu- 
tion  into  (8),  we  find  the double of the  average 
half-thickness of the tissue sheet to be 
z.p 
=  --  (13) 
2n 
The air-blood barrier can be assumed to be ran- 
domly oriented within a  cube of lung tissue as it is 
used for histological preparation  (8,  16).  It is cut at 
random  by  histological  sections.  Randomly  pro- 
jecting a  suitable set of lines of length z on such a 
section thus amounts to randomly suspending them 
in the cube. By counting the number n of intersec- 
tions  with  the  internal  and  external  barrier  sur- 
faces and the number p  of end-points lying within 
the  barrier,  we  can  estimate  its  arithmetic  mean 
thickness  ~  from  equation  13.  Further  practical 
details will be discussed below. 
2.  PRINCIPLE  FOR  ESTIMATING  THE  HAR- 
MONIC  MEAN  THICKNESS  OF  THE  BARRIER 
FROM  THE  DISTRIBUTION  OF  INTERCEPT- 
LENGTHS:  Consider  the  air-blood  barrier  to  be 
broken  up  into  N  small  flat  plates  of  (circular) 
area  a,  and  assume  first  a  constant  thickness  r. 
These  plates  can  be  oriented  in  any  direction  in 
space. Now let a set of long probing lines of length 
L, which are regularly spaced  over a  cross-section 
F,  penetrate  the  system.  These  probes  hit  and 
cross  the  plates  at  an  angle  0  to  their  normals 
(Fig.  7).  The  probability  that  a  given  plate  is 
hit  by  a  probe  is  proportional  to  the  projection 
area of the plate on F  which is 
f  =  a'cos O  (14) 
(We  consider  only  probes  entering  the  "front 
face"  of  the  plates.)  On  the  other  hand,  the 
probability  that  the  plates  are  inclined  to  the 
probes  at  an  angle lying between  0  and  0  +  dO 
is easily shown  to be 
R(O)dO  =  sin OdO  (15) 
The  total  number  of  penetrations  of  the  probes 
at an angle lying between 0  and 0  +  dO is, there- 
fore, 
a  -  cos  0 
Z(O)dO  ....  N  • L  • sin 0d0  (16) 
F 
If the plate thickness is r  the length of penetra- 
tion of the probe, the intercept length, is 
FIGURE ~  Electron micrograph of part of a  capillary (CAP)  containing an  erythrocyte 
(Ec).  It is separated from two alveoli (ALV)  by an air-blood barrier  (ACM)  of varying 
thickness.  The thick portion is here mainly occupied by the body of an endothelial cell 
(END)  containing the nucleus  (N), mitochondria  (M),  and  other organelles.  At the pe- 
riphery  (arrows)  the cytoplasm becomes attenuated  and  can extend over large areas  of 
the capillary wall. Only attenuated portions of epithelial cells (EP)  are visible in this sec~ 
tion. The interstitium  (INT)  contains the basement membranes  (BM)  of the epithelium 
and endotheliuni which appear fused in the thin portions of the barrier. Rat lung. X ~2~,000. 
FIGURE 3  Detail of alveolo-eapillary menibrane in thin portion, showing tile four plasma 
membranes of epithelial (EP)  and endothelial (END)  cells  with the intercalated narrow 
interstitial space (INT)  with fused basement membranes. Rat lung.  X  140,000. 
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FIGURE 4,  Model for deriving gas conductance through harrier of even thickness. 
FIGURE 5  Model for deriving gas  conductance through harrier of varying thickness.  Conapare  text. 
T 
l  --  (17) 
COS 
The  inverse of the harmonic mean  lt,  of these 
intercept lengths is,  therefore, 
N  • a  - L  f  cos 0 
....  J  cos 0  sin 0  dO 
1  F  r 
(18) 
lj,  N.a  .L  f 
I  cos 0 sin ~  dO 
F  J 
1  f  cos0o  d(cos  0) 
=  -  •  (19) 
r  f cos t9 d(cos 0) 
which gives 
1  1  2 
=  ;-5  (20) 
If we allow the plate thickness to vary, we have 
Q sets of plates of thickness ri in the system, each 
one  satisfying the  above  relations,  and  each  one 
having  a  numerical  weight wi.  For each  set  the 
harmonic mean  lhi  of the  intercept lengths is  re- 
lated  to  ri  through  equation  (20).  Therefore, 
the  harmonic mean  thickness of all  plates in  the 
system rh  follows from 
Q  1  1  ~  wl.  r 
Th  i~l  Ti 
(21) 
FIGUI~,E 6  Definition of half-thickness of barrier. 
Q  3 
i=l  2b. 
and thus we find that 
(22) 
rh  =  %.th  (23) 
where  lh  is  the  harmonic  mean  of all  intercept 
lengths of the  probes,  which  may  be  calculated 
from measurements of l  obtained directly in  the 
electron microscope by  the  method  outlined  be- 
low. 
In breaking up the air-blood barrier into small 
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troduced  a  certain error,  since the natural barrier 
is continuously curved.  In  order  to  check  on  this 
we have conducted  some model experiments with 
hollow  foam-plastic  cylinders  of  irregular  wall 
thickness  and  a  relative  curvature  which  greatly 
exceeded  that observed in  the lung.  By means of 
550 equidistant measurements the harmonic mean 
thickness  7h of the  cylinder wall  was  found  to  be 
9.39 ram. The cylinders were randomly embedded 
in  plastic  foam,  and  the  resulting  blocks  were 
sliced with a  band saw.  A  set of parallel lines was 
placed  on  all  cut-surfaces  and  their  intercept- 
lengths l  across  the cylinder walls were  recorded. 
From 810 such measurements the harmonic mean 
FmunE 7  Model for deriving measuring principle for 
harmonic mean thickness. Compare text. 
intercept-length  lh  was  found  to  be  13.82  mm. 
By applying equation  (23),  rh was thus estimated 
at 9.21  mm.  The difference of 2 per cent between 
the  measured  and  the  estimated  values  of  rh  is 
inappreciable.  This principle can thus be applied 
with  confidence  to  the  air-blood  barrier  in  the 
lung. 
This principle  applies  strictly only to  infinitely 
thin sections of the barrier.  The use of sections of 
finite  thickness  of  some  0.06  #  may  result  in  a 
slight  overestimation  of l  in  the  thinnest  regions 
of the  barrier  (where  r  =  0.1  #)  due  to  Holmes 
effect  (16).  In  thicker  parts  of  the  barrier  this 
effect from section  thickness is negligible.  On  the 
other hand, the fact that l is measured in terms of 
units of length d  by means of equidistantly spaced 
dots  (see  below)  may  introduce  errors  in  both 
directions, since d is of the same order of magnitude 
as the minimal barrier thickness. These errors arise 
because small numbers of "hits" of the barrier by 
the  dots  (short  values  of l)  are  more  affected  by 
simple  measuring  errors  than  large  numbers. 
However,  these  errors  should  not  be  very  large 
and  they  may,  in  part,  cancel  each  other.  We 
have,  therefore,  abstained  from  correcting  our 
results  for  possible  systematic  errors  inherent  in 
the method. 
3.  PRACTICAL APPLICATION OF THE  MEAS- 
URING PRINCIPLES:  Because  of  the  small  di- 
mensions (0.1  to 5 # in thickness) of the pulmonary 
air-blood  barrier,  its  study  requires  the  level  of 
magnification  and  resolution  provided  by  the 
electron  microscope.  Non-oriented  ultrathin  sec- 
tions  (~600  A)  of lung  tissue  can be  considered 
to  provide  two-dimensional  random  samples  of 
the  barrier  (8,  13).  The  application  of the  meas- 
uring  principles  described  above  to  a  study  in 
the  electron  microscope  is,  therefore,  possible: in 
principle,  random ultrathin sections of lung tissue 
are  projected  and  observed  on  the  fluorescent 
screen. The latter is provided with a lattice of lines 
(Fig. 8), by means of which the necessary measure- 
ments  can  be  obtained. 
This lattice incorporates a  system of  15  lines of 
equal length z  =  1.2 cm; their end-points form a 
regular  hexagonal  point  network.  This  ensures 
that  the  end-points  are  evenly  distributed  over 
the entire field and avoids any bias that might be 
introduced  by  the  presence  of  lines  connecting 
some  of the  points.  Such  a  hexagonal  network  is 
ideally  suited  for  point-counting  volumetry  (17, 
16)  which  is  involved in  the  determination  of ~. 
The  lines  are  oriented  in  three  directions;  this is 
desirable  because  neither section  nor  screen  can 
be  rotated.  The  measurements  necessary  for  de- 
termining the arithmetic mean barrier thickness 
are simple counts of the number n of intersections 
of the lines with the external and internal surfaces 
of  the  barrier,  and  the  number p  of  end-points 
lying on the tissue.  They are easily recorded on a 
differential  counting device  as used,  for example, 
in hematology. 
The  determination of the  harmonic mean bar- 
rier  thickness  necessitates  the  measurements  of 
the  intercept  length  l  of  a  random  probing  line 
crossing  the  barrier.  To  facilitate  this  measure- 
ment, eight parallel rows' of equidistant dots have 
1 The use  of eight  parallel  probes  (rows  of dots)  in 
one setting is  a  matter of convenience.  It should be 
noted that the probes are widely spaced. By virtue of 
the  curvature  of the  barrier,  each  probe  intercepts 
the barrier at a  different angle 0 t (Fig. 8), so that we 
are, in effect, using eight independent probes. 
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uring lines described in text. Rectangle marks a row of dots used in measuring intercept length I. Arrows 
point at intercept of short measuring line with barrier surface. Circle indicates end-point lying on tissue. 
been marked  on the screen  (Fig.  8).  It was found 
convenient  to  space  the  dots  at  a  distance  d  = 
0.9  cm.  By counting the  number  m  of dots which 
lie on a  section of the barrier we find the intercept 
length  l  =  m.d.  To  avoid  an  overestimation  of l 
by  this  procedure,  dots  which  touch  the  left  sur- 
face  of  the  barrier  are  disregarded,  while  those 
touching the  right  surface are  counted.  In  Fig.  8, 
a  typical  field of a  random  section of the rat lung 
has  been  superimposed  with  the  lattice  as  it  was 
engraved  into  the  phosphor  of  the  fluorescent 
screen of a  Siemens Elmiskop  I.  Examples of end- 
points of the short sampling lines lying within the 
barrier have been marked  by a  circle,  examples of 
intersections with  the surface by an arrow.  A  row 
of  dots  illustrating  the  measurement  of  l  is  sur- 
rounded  by  a  rectangle. 
MATERIAL  AND  METHODS  OF 
PREPARATION 
The  above  morphometric principles  were  applied  to 
the  measurement  of  the  thickness  of  the  air-blood 
barrier  in  three  rat  lungs, which were  fixed  by  two 
different procedures under deep Nembutal anesthesia : 
The  first  specimen  (R8)  was  fixed  in  situ  by  intra- 
tracheal  instillation  of  1.5  ml  of  1  per  cent  OsO4 
buffered  at  pH  7.4  in  0.1  M  potassium  phosphate 
buffer.  Ten minutes after  instillation,  the fixed parts 
of the lung were  cut into  100  to  200  small blocks  of 
2  to 3  mm  a which were left in the fixative for 2  hours 
under  vacuum and in ice.  The  two  other specimens 
were  fixed  by  instillation  of  6  per  cent  glutaralde- 
hyde in  0.1  M potassium phosphate  buffer  (pH  7.4) 
according to  the method of Sabatini et al.  (18).  This 
method led to  a  rapid  stiffening of the delicate  lung 
tissue so that blocks could be cut without appreciable 
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under vacuum, the blocks were  washed  for 2  hours 
in cold buffered sucrose and refixed for 2 hours in  1 
per cent OsO4 in the same buffer.  Subsequently, the 
blocks  were  dehydrated  in  alcohol  and  infiltrated 
with Epon 812  (19). After primary sampling (see be- 
low),  the selected blocks were  sectioned on an LKB 
Ultrotome using a  Dupont  diamond knife.  The see- 
in  interpreting,  with  respect  to  the  fresh  (living) 
lung,  dimensions measured  on histologic sections. 
The  degree  of dimensional change caused  by our 
technique  was,  therefore,  investigated  in  a  series 
of  test  experiments.  Since  the  flaccidity  of  lung 
tissue  did  not  allow  reliable  direct  measurements 
on  the  blocks  during  processing,  these  studies 
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FIGURE  9  Relative  dimensions  (L/Lo) 
of  tissue  blocks  and  free  culture  cells 
during  fixation,  dehydration,  and  em- 
bedding, according to two different tech- 
niques.  Compare  text. 
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tions were about 1 to  1.5  mm wide and 2 to 2.5 mm 
long, and were cut about 600 to 800 A  thick  (silver- 
gold). They were mounted on 400-mesh copper grids 
on  a  thin  carbon-coated  Formvar  film  and  con- 
trasted with lead by the method B of Karnovsky (20). 
ARTIFICIAL  CHANGES  IN 
TISSUE  DIMENSIONS 
OCCURRING  WITH  PREPARATION 
The influence of the fixing, dehydrating,  and em- 
bedding  agents  may  introduce  some  changes  in 
dimensions  of  tissue  structures  from  the  fresh  to 
the  processed  specimen.  This  must  be considered 
were  carried  out  on  blocks  of liver,  kidney,  and 
sclera,  and,  in  part,  on free  cells cultured  in  sus- 
pension. 
A. 0804 Fixation (Case R8) 
As  reported  earlier  in  detail  (8),  it was  found 
that  fixation  with  "isotonic"  phosphate-buffered 
OsO4 induced a  slight swelling of cells and tissues 
(Fig.  9).  An  appreciable  increase  in  the  average 
linear dimensions  of cells  and  tissues  occurred  at 
the  beginning  of  dehydration  in  50  per  cent 
ethanol. The average volume of free cells increased 
by a  factor of 2.8,  that of liver blocks and kidney 
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sclera  blocks  remained  unchanged.  It  is  thus 
probable  that  this swelling was due  to  an osmotic 
effect.  After  dehydration,  infiltration,  and  em- 
bedding,  the  dimensions  of  the  free  cells  were 
about  equal  to  those  measured  in  the  fresh  state, 
but  the  final  dimensions  of  embedded  liver  and 
kidney  blocks  were  still  about  5  per  cent  larger 
than  those  measured  in  the  fresh  state. 
B. Glutaraldehyde  Fixation 
(Cases R16 and R17) 
Because  of  these  observed  drastic  dimensional 
changes,  a  different  method  was  adopted  in  the 
TABLE  I 
Artificial  Changes  in  Tissue  Dimensions  Due  to 
Processing 
Data  of liver  and kidney  pooled 
Final  relative  dimensions: 
OsO4 fixation  o  =  1.056 
Glutaraldehyde  fixation g  =  0.953 
d  =  o  -- g  =  0.103 
Statistical  tests : 
Degrees of freedom u  =  28 
t  =  d/s~e  =  5.28 
Significance  of d:  P  <  0.0005 
Conversion coefficients to fresh dimensions : 
OsO4 fixation  1/o  =  0.96 
Glutaraldehyde  fixation  1/g  =  1.05 
preparation  of the subsequent lungs.  The  lungs of 
the  anesthetized  animals  were  fixed  in  situ  by 
instillation  of  phosphate-buffered  glutaraldehyde 
(18)  into  the airways.  ]he  dimensions of liver and 
kidney blocks fixed in this solution did  not change 
significantly  (Fig.  9).  After washing in  a  buffered 
sucrose solution the blocks were refixed in buffered 
OsO4  which  again  induced  a  slight  swelling  by 
some 6  per cent linearly.  By initiating dehydration 
in  70  per  cent  alcohol,  no  further  swelling  of the 
tissues  occurred.  Subsequent  dehydration  and 
infiltration  reduced  the block  dimensions by some 
8  per cent, so that the final dimensions were  about 
5  per  cent  smaller  than  those  measured  in  the 
fresh state. 
C. Difference between the Two Procedures 
Assuming  that  the  effect  of  these  preparative 
procedures  on  the  tissue  of  the  pulmonary  air- 
blood  barrier  lies  between  those  observed  for  the 
kidney and the liver, we can expect on the basis of 
these  experiments  that  the  dimensions  measured 
in the lung R8 should be about  10 per cent larger 
than  those determined  in  the lungs RI6  and  R17. 
Table I  compares the two final relative dimensions 
for the  pooled  data  on  liver  and  kidney.  '[he  dif- 
ference  d  =  0.103  was  found  to  be  statistically 
highly  significant  (Table  I).  We  have,  therefore, 
derived  a  pair  of  coefficients  which  allow  con- 
version of the linear  dimensions measured  on  sec- 
tioned  tissue  of both  groups  to  those  pertaining 
to  the  fresh  tissue.  For  osmium  tetroxide-fixed 
material,  with  50  per  cent  ethanol  used  as  the 
initial  dehydrating  agent,  this  coefficient  is  0.96; 
for  the  glutaraldehyde-fixed  tissue,  dehydrated 
initially  in  70  per  cent ethanol,  it is  1.05. 
METHOD  OF  RANDOM  SAMPLING 
Particular  care  was taken  to  draw  an unbiased ran- 
dom  sample  by  a  two-stage  random  sampling  pro- 
cedure.  The  100  to  200  tissue blocks  obtained  from 
chopping the part  of the lung fixed by instillation of 
the fixative were arrayed in a  flat dish over a  piece of 
square  paper  whose  squares  had  been  numbered 
consecutively.  By  means of a  table  of random  num- 
bers,  four  times  five  blocks  were  chosen  for  em- 
bedding.  The  first group of five represented  the pri- 
mary  sample  which  was  sectioned  and  subjected  to 
our analysis; the other blocks were kept as reserves. 
In the second sampling stage a  random sample of 
five fields was selected on each section, again by means 
of random number tables. For this purpose the s:luares 
of the 400-mesh grids accessible for investigation were 
drawn out on a  master sheet and numbered consecu- 
tively  (8).  The  studies  being  executed  in  a  Siemens 
Elmiskop  I,  the  grids  were  sampled  on  the  inter- 
mediate screen.  Upon slight defocusing of the second 
condenser lens a  typical  (marginal) square was easily 
located.  By  enumeration  of  squares  the  grid  was 
scanned  and  the  position  of the  section  visualized 
by  a  darkfield  effect  around  the  small  objective 
aperture--was  marked  on  the  master  sheet.  Five 
numbers,  read  off  a  random  number  table,  located 
the  squares  to  be  investigated.  If these  squares  did 
not  contain  sections  of  the  barrier  they  were  dis- 
carded,  and new squares were selected. 
After  location  of  each  sample  square,  the  con- 
denser  was  focused and  the  measurements were  ob- 
tained  on  the  main  screen  at  a  magnification of  )< 
3,900.  On each square the line system of Fig.  8 could 
be placed four times. To avoid bias in positioning the 
lattice,  its inner circle was made to be tangent to two 
sides of each corner of the square. 
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1. Arithmetic  Mean  Thickness  ~- 
By  the  above-stated  procedure  a  total  of  1500 
lines of length z  =  3.2 #  with 3000 end-points was 
randomly suspended in the lung tissue.  According 
to equation  13,  the mean thickness e followed from 
the  number  n  of intersections  of these  lines  with 
the  alveolar and  capillary  surfaces  of the  barrier 
and from the number p  of end-points lying within 
the tissue space.  Table  II presents the findings on 
cording to equation (23). The histograms of Fig.  11 
present  the  distribution  of  the  intercept  length  l 
measured  on  some  700  random  probing  lines  in 
the  specimens  RI6  and  RI7.  ~[he  values  of  It, 
were  about 0.8 ~,  and  r~, was,  therefore, found  to 
be 0.55  #  (Table  II).  In  case  R8,  lj, and  ~-h were 
somewhat  larger.  After  conversion  of  these  di- 
mensions  to  those  pertaining  to  the  fresh  state 
(cf. above), the values of r/, found in the three cases 
compared  well  with each other and  had  a  group 
average of 0.57 ~. 
TABLE  II 
Mean  Dimensions of Barrier 
linear corr.  "~' ~  Th' ]~  ~/Th 
Rat  p  n  (p/n)  sE  ~" ~  lh I  •  vh #  to  fresh 
R8  538  619  0.93  =E0.09  1.30  0.92  0.61  0.96  1.25  0.58  2.2 
R16  535  715  0.75  :t:0.06  1.16  0.82  0.55  1.05  1.22  0.58  2.1 
R17  495  622  0.74  +0.07  1.23*  0.78  0.52  1.05  1.29*  0.55  2.3* 
(1.15){  (1.21){  (2.1)~ 
Group average:  1.25  0.57  2.2 
* Computed from pooled datap and n. 
:~ Computed from average ratio p/n. 
the  three  investigated  rat  lungs.  The  average  of 
the ratiop/n was found to be 0.93 in R8, and 0.75 
in the lungs R16 and R17.  Fig.  10 shows the plots 
of the cumulative average ofp/n  for the successive 
samples.  In  the  second  half of the  curve,  strong 
deviations  in  the  individual values  of p/n  do  not 
cause  significant  changes  in  the  average  value. 
The relative standard error of the mean was found 
to  be  of  the  order  of 8  to  10  per  cent,  which  is 
considered  satisfactory  for  the  present  purpose. 
The  arithmetic  mean  thickness  of  the  fixed  and 
processed  barrier  was  about  1.2  #  for  cases  R16 
and  R17  which  were  fixed  with  glutaraldehyde, 
and  [.3  #  for case  R8 which had been fixed with 
OsO4.  After conversion of these dimensions to the 
fresh  state  by  means  of the  respective  correction 
factors (of. above), the final values of ~ of all three 
cases compared well with each other.  Their aver- 
age  value was  1.25 #. 
~. Harmonic  Mean  Thickness  rh 
The harmonic mean thickness rh was calculated 
from  the  harmonic  mean  intercept-length  lh  of 
random  probing  lines  traversing  the  barrier  ac- 
3. Minimal  and Maximal  Barrier 
Thicknesses 
In  the subsequent analysis,  it will  be  necessary, 
to have an estimate  of the minimal  barrier thick- 
ness a, or more precisely of some "average minimal 
thickness." ~[his could obviously not be accurately 
determined, since it is not the same in all "thinnest 
regions."  From  direct  measurements  on  electron 
micrographs  it  could,  however,  be  derived  that 
the  most  frequently  occurring  minimal  thickness 
lies between 0.1 and 0.25 #,the average being about 
0.15  #.  ~[his estimate  is  sufficient for  our  present 
purpose. 
The  maximal  thickness of the barrier b is more 
difficult  to  define  and  to  assess.  It  might  most 
frequently  correspond  to  the  thickest  portions  of 
alveolar epithelial cells,  which are  of the order of 
4  to  8  /z.  However,  in  the further analysis no  re- 
liable estimate of b will  be necessary. 
4.  Volumetric  Composition  of Barrier 
As an additional result of this study,  the relative 
volumes  of the  major  components  of the  barrier. 
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endothelium,  could  be determined  by differential 
point counting  (8,  16,  17).  The  end-points of the 
short sampling lines lying on these structures were 
recorded  separately;  the  relative  numbers  of 
points  thus  obtained  correspond  to  the  relative 
volumes.  Table  III  shows  that  the  distribution 
of  these  components  was  found  to  be  very  con- 
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FIGURE  10  Cumulative  averages  (open  circles)  of 
ratio p/n used in estimating ~. Dots mark values meas- 
ured on individual samples. 
sistent in all three cases. The interstitium occupied 
about  40  per  cent,  and  each  cellular  layer  some 
30 per cent of the barrier space. 
As an indirect check on the quality of the sam- 
ples  investigated,  we  have  also  determined,  by 
the  same  procedure,  the  relative  volumes  of bar- 
rier  tissue  and  capillary  blood,  i.e.  the  fractions 
they occupy in the space of the interalveolar septa. 
It was consistently found that the tissue amounted 
to  some  36  per cent,  the blood  occupying  64 per 
cent.  These  figures  are  affected  by  a  relative 
probable error  of  1.3  per  cent  in  all  three  cases, 
the  absolute  probable  error  being  about  0.5  per 
cent.  This good  result gives us further confidence 
in the barrier dimensions obtained  on  these sam- 
ples. 
A  MODEL  FOR  THE  ALVEOLO- 
CAPILLARY  BARRIER 
In  order  to  discuss  the  functional  implications  of 
the  measurements  presented  above,  a  model  for 
the air-blood barrier will now be constructed.  It is 
a  model in the sense that it is not intended to dis- 
play all features of the barrier quantitatively,  but 
rather  furnish  further  insight  into  a  few  of  its 
important  properties.  The  model  membrane 
chosen is a  structure  of periodic  ripples shown in 
Fig.  15.  This structure  has a  mean thickness  ~,  a 
harmonic  mean  thickness  rh,  closely  related  to 
its  gas  impedance,  a  minimum  thickness  a,  all 
directly  obtainable  by  electron  microscopy  and 
the  methods  discussed  above.  A  mathematical 
form  may  be  chosen  for  the  configuration  of the 
ripple : 
~"  /  (r  -- a)  --  (b --r) 
Z(v) --- ~  (arcsin  b --  a 
(24) 
--/3X#(r  --  ,)(b  -- r) +½/ 
This  is  shown  in  Fig.  12  for  several  values  of/3. 
In  the  expression  above,  X is  the  wavelength  of 
the ripples,  and  b  is their maximum height.  This 
mathematical  form has  been  chosen for  two  rea- 
sons:  (1)  It yields a  family of configurations,  one 
of which should fairly closely  resemble  the figure 
of the natural air-blood barrier,  and (2)  It permits 
direct evaluation of ~ and rh. 
The  probability  density  for  thicknesses  r  in 
such  a  model  is easily  seen  to  be 
1  d 
P(T)  =  Z(b)  --  Z(a)  " dTT Z(r)  (25) 
from  which  the  arithmetic  and  harmonic  mean 
thicknesses may be evaluated straightforwardly as 
~  =  2  +  /3  2  --  ab  (26) 
and 
1  1  fa+b  } 
~-~ =  V~b  -/3~  ~2V.b  -  ~  (27) 
These results give a ratio of means 
~'h  g  2g 
(28) 
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TABLE  Ill 
Volumetric Composition of Barrier and Interalveolar Septum 
R 16 
XN=711 
RI7 
ZN=626 
25  x5.2.10-5 cm I 
P.E.  (relative  with 
Rat  Epithelium  Intcrstitium  Endothclium  Blood  'Iissue  respect to tissue) 
R8  0.32  0.41  0.27  0.63  0.37  0.014 
R16  0.31  0.40  0.29  0.64  0.36  0.013 
R17  0.28  0.42  0.30  0.64  0.36  0.013 
where 
a+b 
u-  and  g  =  X/~  (29)  whence 
2 
In  principle, if both  the  minimum thickness a 
and  the  maximum  thickness  b  were  known,  as 
well as the experimentally determined ratio ~'/rh, 
equation (28) could be solved as a quadratic for/3, 
which would  complete  the  determination of the 
membrane model.  However,  b  is  not readily ac- 
cessible to experiment, as discussed above. Hence 
another approach was used to  determine /3. 
The  equations  (26)  to  (28)  may  be  expressed 
in  terms of dimensionless variables,  by  means of 
measuring  distances  in  units  corresponding  to 
the minimal thickness a.  Thus, let the dimension- 
less variables be 
b  ? 
b' =  -,  ~' =  -,  /~'  =  a/3 
a  a 
l+b'  u'-  ,  g'=  x/~. 
2 
The  dimensionless mean  thickness becomes 
~,=  u,+/3 ,r  {n'~  -  g'~} 
and the quadratic for/3' 
rh  g' +  ~'~r  u'  2g' 
(30) 
(31) 
(32) 
(33) 
E.  R.  W~mEL  AND  B.  W.  KNIGHT  Pulmonary  Air-Blood Barrier  379 In  these equations,  u' and g' are  functions of  the 
variable  b  I  (=  b/a)  alone.  The  ratio  ~/rh  being 
known  from  our  measurements,  /3'  can  now  be 
found  from  solving  the  quadratic  (33);  it  is  a 
function of the only variable  b'.  Substitution into 
(32)  yields ~' which is again a  sole function of b', 
and  from  it  we  find  a  =  ~/~',  the  dimensional 
There is a  largest accessible value of :r/rh for any 
fixed  b'.  Equivalently,  if too  small  a  value  of  b' 
is chosen  in the  quadratic  for  /3,  with  Zr/rh fixed, 
then no real solutions will exist: the solutions will 
be complex. 
These two constraints reduce the possible choices 
of the remaining free variable b' (Table  IV).  For 
FIGURE l~  Effect of  variation of eoefl% 
cient/3 on configuration of dimensionless 
barrier  model.  Hatched  area  indicates 
possii)le  range of configuration. 
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value  of ~  being known  from  our measurements. 
It  thus  remains  only  to  choose  a  value  of  b'  so 
that the calculated  value of a  agrees with the ob- 
served minimal thickness, and the model has been 
completely  defined,  including  the  previously  un- 
known  maximal  thickness  b  =  a.b'.  Now  this 
model  system  is subject  to  two  important mathe- 
matical  and  physical  constraints. 
l)  As  /3  becomes more  negative  (with  a  and  b 
fixed),  the  figure  becomes  one  of  wide  valleys 
and  slender  peaks  (Fig.  12)  and  the  ratio  ~/rh 
becomes  larger.  That  is,  the  membrane  gas  con- 
ductance  improves  for  a  given  expenditure  of 
biological material measured by ~. However, if -/3 
2 
exceeds  (the "sharp peak"  value of/3), 
lr  (b  -  a) 
then r  is no longer a  single-valued function of Z, 
and  the  surface  configuration  becomes  struc- 
turally absurd.  Thus the lower limit of/3 is 
2 
~Hlin  (34)  7r(b'  -  1) 
2)  Evidently the harmonic mean thickness can- 
not  be  as  small  as  the  minimum  thickness,  nor 
the  arithmetic  mean  thickness  as  large  as  the 
maximum  thickness,  whence 
-  <  b'  (35) 
Th 
TABLE  IV 
Parameters of Barrier Model in Possible Range witD 
Measured Ratio rr/rh  =  2.2 and ~"  =  1.25 # 
a  = 
¢~'(b' -  l)  ?,  1.25/7'  b'  b  ~' 
/z  /.t 
--0.35*  6.83  0.18  17  3.06  -0.022 
--0.5  6.52  0.19  19  3.61  -0.028 
--0.6:~  6.20  0.20  21  4.20  -0.031 
* Limit by complex solutions. 
2 
Limitby ~'min(b' --  1)  =  -- --. 
the  experimentally  observed  value  of  ~'/rh  = 
2.2 in the rat lung  (Table  II)  the quadratic for/3 
falls  between  these  limiting  criteria  only  in  the 
range 21  >  b'  >  17.  To this corresponds a  range 
of 6.2  <  ~' <  6.83 for the dimensionless arithmetic 
mean  thickness  of  the  barrier  model,  as  derived 
by  equation  32.  And  from  the  observed  average 
thickness  ~  =  1.25  /z  (Table  II),  we  derive  the 
range of possible minimal thicknesses as 0.18 >  < 
a  <  0.20/~,  and for the maximal thickness 4.20 > 
>  b  >  3.06 #.  It can be observed that these model 
values of a and b agree very well with the minimal 
and  maximal  values  observed  in  the  rat  lung by 
direct  measurements  on  electron  micrographs. 
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maximal  value  in  the  natural  barrier,  it  is  not 
necessary to arrive at a  choice of one specific pair 
of extreme dimensions for the model barrier.  The 
ranges indicated above enclose a family of models, 
having identical tissue mass and gas conductance, 
which conform with the data obtained from meas- 
urements. 
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l~IGURE 13  Configuration  of  cross-section  of  barrier 
models limiting the possible  range. Note that modifica- 
tions affect mainly the "hills." 
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FIGURE 14  Half-period  of  model superimposed  with 
histogram  of distribution  of barrier  thickness  secured 
from independent  measurements  (reference 8). 
In  Fig.  13,  the  cross-sections  of  one  wave  of 
each  of  the  two  limiting  models  are  compared. 
It is easily seen  that  the  configuration  is not  ap- 
preciably  different  in  the  two  limiting examples. 
In  Fig.  14,  one half-wave of one of the models is 
shown  plotted  against  the  histogram  of  barrier 
thicknesses  obtained  by  direct  measurements  on 
electron  micrographs  of a  rat  lung  reported  pre- 
viously (8).  It will be noted that the over-all agree- 
ment  is  excellent,  so  that  this  model  can  be  re- 
garded  as  a  faithful  representation  of the  natural 
air-blood  barrier  in  the  rat  lung. 
DISCUSSION 
The dimensions of the alveolo-capillary membrane 
or air-blood barrier are of interest to physiologists 
in  various  respects:  on  the  one  hand,  they  will 
determine  the  degree  of  resistance  which  the 
barrier  may  offer  to  gases  diffusing  from  air  to 
blood, and on the other, they will be related to the 
amount  of metabolic  activity  to  be  expected  at 
this critical place (12).  These dimensions can only 
be obtained in a  reliable fashion by a  morphomet- 
ric  study  in  the  electron  microscope.  Earlier  de- 
terminations  of  the  barrier  thickness  (1-6)  were 
based  on  single  and  selected  measurements  on 
electron  micrographs  and  were  usually  restricted 
to an indication of some range of thickness in the 
"thin  portions"  of  the  barrier.  A  good  set  of 
measurements  of this kind  was given by Meessen 
(1 l)  for  various  species.  These  studies,  however, 
disregarded  an  important  part  of the  barrier,  its 
"thicker  regions,"  and  hence  were  of quite  un- 
certain value. 
In this paper,  two methods have been presented 
by which  the arithmetic  and  the harmonic  mean 
thicknesses  of  the  barrier  could  be  measured 
directly  on  the  screen  of an  electron  microscope 
in a  simple and  efficient way.  The  measurements 
were  obtained  by  random  sampling  procedures; 
hence  no  selection  of measuring  sites  was  neces- 
sary.  The  dimensions  thus  obtained  qualified  as 
true  averages  referring  to  the  total  barrier,  and 
their  statistical  significance  could  be  tested.  The 
application  of these methods  to  three  normal  rat 
lungs  has  also  shown  that  the  reproducibility  of 
the  results  is  very  satisfactory. 
By these  methods,  it was  found  that  the  arith- 
metic  mean  thickness  of the  air-blood  barrier  of 
rat  lungs  measures  about  1.25  #.  This dimension 
is an  estimate  of the  amount  of tissue  present  on 
the  square-centimeter  of  the  barrier  surface.  It 
could  be  shown  simultaneously  that  30  per  cent 
of this  tissue  consisted  of alveolar epithelial  cells 
and  30  per cent of capillary endothelial  cells; 40 
per cent belonged to the interstitium.  These find- 
ings  are  of  interest  inasmuch  as  they  can  con- 
tribute  to an assessment of the relative amount of 
oxygen  consumed  in  the  barrier  tissue  while this 
gas  is  diffusing  from  the  alveolar  air  into  the 
pulmonary  capillary  blood.  Under  normal  cir- 
cumstances,  this  quantity  cannot  yet be  detected 
by physiological methods, while it can be measured 
in  pathological  cases  with  exaggerated  tissue 
metabolism in the lung, as in pulmonary tubercu- 
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can  be  based  on  our  findings,  further  knowledge 
on  the  quantitative  relationship  between  me- 
tabolism  and  morphology  of tissues  is  necessary. 
The second method revealed that the harmonic 
mean  barrier  thickness  of the  rat  lung  measures 
about  0.57  bt.  This dimension stands  in direct re- 
lation  to  the  diffusion  resistance  of  the  barrier. 
It  is  the  characteristic  over-all  barrier  thickness 
which  has  to  be  used  in  calculating  theoretical 
FIGURE  15  Three-dimensional  representation 
of two periods of the barrier model. Volume of 
tissue  (~)  and  diffusion  effective thickness  (Th) 
are indicated. 
that  the  more negative /3 became,  the larger was 
the relative gas conductance  of the barrier,  meas- 
ured  by  the  ratio  ~-/r,,,..  We  have  defined  two 
mathematical  and  physical  constraints  for  this 
model,  particularly  a  minimal  value  for  /3,  its 
"sharp  peak  value." 
Now there are some biological conditions which 
do not allow the barrier to reduce its thickness in- 
definitely.  For  one,  the  barrier  has  to  secure  a 
constant  spatial  relationship  between  air  and 
x-r 
2~-  ~  /  \~','%~'~ \~  J  \",~  ~ 
L 
\ 
FIGURE 16  Effect of configuration of barriers of equal mass on gas conductance. Compare text. 
values for  the  "membrane  diffusing  capacity"  of 
the physiologists  (9,  10,  21).  No numerical  calcu- 
lations  can  be  made  at  this  time,  since  nothing 
is known as yet about the diffusion characteristics 
of the  barrier  tissues. 
However, a  structural  feature of the pulmonary 
air-blood  barrier  which  is  functionally  most  in- 
teresting  was  revealed from  these  data  when  the 
form  of the  barrier  was  analyzed  by  means  of a 
mathematical  model.  It  was  first  observed  that 
the  natural  barrier  showed  alternating  thin  and 
thick  regions  (Fig.  1).  A  mathematical  model 
representing  a  rippled  membrane  was,  therefore, 
chosen to represent it (Fig.  15); this model yielded 
a  family  of  configurations,  one  of which  should 
fairly  well  simulate  the  natural  barrier,  and  it 
permitted a  thorough mathematical analysis of its 
features.  In  this  model,  a  coefficient j3 (cf.  equa- 
tion  24)  determines  the  relative  importance  of 
hills and valleys (Fig.  12).  In general, it was found 
blood;  that  is,  it  must  have  some  minimal  me- 
chanical  strength.  This  largely  determines  the 
minimal  thickness a  which was observed to be  of 
the  order  of 0.1  to  0.2  /~ in  the  rat  lung,  and  to 
some extent  the mass of tissue or the mean  thick- 
ness  ~.  The  maintenance  of the  integrity  of the 
alveolo-capillary membrane,  and  some  additional 
metabolic  functions  which  this  tissue  may  have, 
call  for  a  minimum  amount  of cellular material 
to be present on the square centimeter of the mem- 
brane  surface,  and  this  determines  largely  the 
value  of the  mean  thickness  ~. 
Hence,  given  a  "membrane"  of  irreducible 
minimal thickness a and with an irreducible mini- 
mal amount of tissue per unit area measured by ~, 
it may be easily seen that  the gas conductance  of 
this system, estimated by 1/Th, is maximal when [3 
has  assumed  its  minimal  value.  In  Fig.  16,  the 
rippled  membrane  model with /~min is  compared 
with a  membrane  of homogeneous thickness.  The 
382  THE JOVRSAL Or" CELb BIOLOGY -  VOLUME  21,  196~ gas conductance  at every point is proportional  to 
the arrow length.  It can be seen that  the over-all 
gas conductance  of the rippled  model is 2.2  times 
larger than  that  of the smooth membrane. 
It was shown above that with a  measured  ratio 
~/rh  =  2.2, only a small range of the model family 
was  physically  possible  (Figs.  12  and  13),  and 
that  this corresponded  to the range close to /3mi~- 
Moreover,  the  minimal  and  maximal  thicknesses 
as well as the general configuration of these models 
agreed  well  with  observations  made  directly  on 
the  natural  barrier  (Fig.  14).  This  suggests  that 
the  gas  conductance  of the  pulmonary  air-blood 
barrier of the rat lung is nearly optimal, if we con- 
sider its minimal  thickness  and  the mass  of tissue 
to  be  given features  which  cannot  be  further  re- 
duced  because  of other biological conditions. 
This optimization  is achieved by concentrating 
the bulk of tissue in the thicker regions. The exact 
configuration of these parts of the barrier does not 
appear  to  be  important;  Fig.  13  shows  that  the 
possible configurations of the model having identi- 
cal  physical  characteristics  differ  only  in  the 
configuration  and  height of the "hills," while the 
thin  part  is  essentially  identical  in  all  examples. 
But  Fig.  16  shows  that  the  thicker  half  of  the 
barrier accounts for only 15 per cent of the over-all 
gas conductance. 
These studies have been done on rat lungs,  and 
the figures refer to this species only. The air-blood 
barrier of man,  in particular,  will differ from that 
of the  rat  in various respects:  the  minimal  thick- 
ness  is  larger,  and  it  appears  that  the  over-all 
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